An auxln-blndng protein can be soh_Ilize from microsoml anes of Zes mays using either Triton X-100 extraction of the mmbranes or buffer extraction of the acetone-precipitated membranes. This paper describes the properties of the biding protein so ld by thes two methods. The bndng is assayed by gel filtration chromatography in the presence of napbthalene 12-i4CIacetlc acid. Bing is rapid and reversible with an optium at pH 5. Both preparations show similar molecular weights by gel filtratio (80,000 daons) at pH 7.6 and 0
The molecular basis for the action of auxin is not yet well understood. We assume that the initial event in the process must involve the recognition of the hormone by cellular receptors specific for the active molecule. These receptors must then somehow signal the cell to begin the physiological response typical for auxin in that tissue. Therefore, it is important to our understanding of the mechanism of auxin action to identify and isolate such receptors from auxin-sensitive tissue.
Hormone receptors are typically identified on the basis of their ability to bind the hormone with an affmity and molecular specificity characteristic of the hormonal response. Natural and synthetic auxin have, in fact, been found to bind to sites in the microsomal membranes of Zea mays (2, (17) (18) (19) . Furthermore, these auxins are bound with relative affmities roughly correlated to their ability to produce shoot elongation in the same tissue (2, 19) . These sites are most concentrated in microsomes of coleoptiles and primary leaves (which respond to auxin by elongation), while ' 3 Please address requests for reprints to this author. they are fewer in microsomes from roots (which respond differently to auxins), and are nearly absent in tissue from the coleoptilar node (which has no known auxin growth response) (19) . These fmdings suggest that the auxin-binding sites in these membranes represent auxin receptors involved in the action of this hormone.
Since the auxin-binding sites are associated with membranes, they must first be solubilized before they can be purified for study. The first solubilization of these sites was by Dohrmann and Ray (6, 7) who used the nonionic detergent Triton X-100, and later by Venis who used buffer extraction of acetone-precipitated microsomes (22) . The purpose of this paper is to determine whether these two methods result in the solubilization of the same auxinbinding molecule, and to establish whether its properties are altered by the process of solubilization.
MATERIALS AND METHODS
Chemicals. The l-naphthalene l-'4Clacetic acid (98%) was obtained from Amersham/Searle. Unlabeled l-naphthalene acetic acid, 2-naphthalene acetic acid, l-naphthol, indole-3-propionic acid, indole-3-butyric acid, indole-3-ethanol, indole-2-carboxylic acid, indole-3-acetaldehyde, tryptophan, 5-hydroxyindole-3-acetic acid, 2,4-dichlorophenoxyacetic acid, benzoic acid, phenylmethylsulfonylfluoride, p-chloromercuribenzoic acid, trypsin, phospholipase C (Clostridium welchii, type I), DNase (bovine pancreas), 2-mercaptoethanol, Triton X-100, apoferritin, catalase, aldolase, serum albumin, and ovalbumin were from Sigma. Pancreatic RNase was a gift of W. F. Thompson. Pronase was from Calbiochem. Ultra Pure Enzyme Grade sucrose was obtained from Schwarz/Mann. Bio-Gel A-1.5m was from Bio-Rad Laboratories, while Sephadex G-25 and blue dextran 2000 were products of Pharmacia. Dinitramine (N3,N3-diethyl-2,4-dinitro-6-trifluoromethyl-1,3-benzenediamine), 99+% pure, was a gift of W. G. Woods, U.S. Borax Research Corp., Anaheim, Calif. Indole-3-acetic acid (Calbiochem) had a light pink hue, and so was recrystallized twice from hot chloroform to obtain a colorless product. The indole-3-propionic acid was recrystallized three times from hot chloroform-isopropyl alcohol (about 20/1, v/v). All other chemicals were used without further purification. Chemicals not specified were reagent grade. Since many reagents contain traces of insoluble material which may gradually block Sephadex columns (Ultra Pure sucrose, for instance), all buffers were filtered through a Reeve Angel binderless glass fiber filter.
Preparation of Solubilzed Mirosomal Extracts. Corn seedlings (Zea mays, Wf9 x Bear 38, Bear Hybrid Seed Co., Decatur, Ill.) were grown as previously described (18) . Four-day-old shoots were cut at the coleoptilar node and placed on ice. All subsequent operations were conducted in a cold room at 5 C or on ice. Both the coleoptiles and the primary leaves were used as starting material, since both contain auxin-binding sites (19) . Tissue was chopped briefly with electrically driven razor blades ( 18) , and was then homogenized in an Ultra Turrax homogenizer for about 20 sec in short bursts. This method produces very thorough homog-enization. The procedure does not change the recovery of auxinbinding sites compared to the previous procedure employing a mortar and pestle (unpublished results). The homogenization buffer was 50 mm Tris HC1, 1.0 mm Na2EDTA, 0.10 mm MgCl2, 14 mm 2-mercaptoethanol, 0.25 M sucrose (pH 8.0), normally saturated before use with phenylmethylsulfonylfluoride to retard proteolysis (9) . The fluid was pressed through nylon cloth and microsomes were prepared by sequential sedimentation at 10,000g (10 min) and 48,000g (60 min) as previously described (5). The microsomal pellet was washed by resedimentation after resuspension in 10 mm Na citrate-citric acid, 0.5 mM MgCl2, 0.25 M sucrose (pH 5.5) (5). To obtain a detergent-solubilized preparation, this fraction was mixed with the appropriate amount of a concentrated solution of Triton X-100 in resuspension buffer, and centrifuged at 145,000g (60 min). The supernatant fraction was removed carefully to avoid stirring the pellet.
The following modification of the procedure of Venis was adopted to solubilize the auxin-binding protein without detergent. The washed microsomal suspension was rapidly added to a centrifuge bottle containing 20 volumes of rapidly stirred acetone at -15 to -20 C. During the addition, the temperature of the acetone increased about S C. The precipitate was then pelleted at 5,000 rpm in the Sorvall GSA rotor. The supernatant was decanted, and the drained pellet was dried briefly under a stream of filtered air. To remove residual acetone, the bottle was then evacuated to less than 500 ym of Hg for 1 to 2 min. The pellet was homogenized with resuspension buffer minus sucrose at a ratio of 1 ml/5 g of fresh weight of original tissue, and after stirring for several hr, the suspension was centrifuged at 27,000g (20 min NAA from the sample, and the removal of the labeled ligand from the gel by the excluded material (7) . To test our knowledge of, and control over, these variables, several tests were run. Initially, assay columns of Sephadex G-25 were calibrated roughly for their void volumes by the addition of 0.250 ml of resuspension buffer containing blue dextran. Then complete elution profiles were run as described in Dohrmann and Ray (7) , to determine the proper cut-off point to avoid overlap of the binding peak and trough (not shown). Simple tests of rapidity and reversibility of binding were then run in order to verify that the proper samples were being collected from the columns. (Table I) . This proves the lack of significant overlap of the void volume fraction and the fractions containing the following trough. These experiments together with the original column elution profiles verify that our assay constitutes a valid measure of the auxin-binding activity present in the solubilized material.
Agarose Chromatography. The solubilized material was mixed with a solution containing blue dextran 2000 and 50% sucrose and was chromatographed on a column (0.9 x 50 cm) of Bio-Gel A-1.5m equilibrated with the indicated buffer. The column was eluted at 4 ml/hr-' with a peristaltic pump, and fractions of about 1.5 ml were collected. Fractions were analyzed for auxin binding as described above, and for protein by a modification of the method of Lowry (12), or by measurement of the A at 280 nm. Sucrose was determined by refractometry. The column was calibrated with proteins of known wt: apoferritin horse spleen (475 kdaltons), catalase (bovine, 240 kdaltons), aldolase (rabbit, 145 kdaltons), serum albumin (bovine, 68 kdaltons), ovalbumin (chicken, 43 kdaltons). Proteins were labeled with fluorescamine (3) before chromatography and relative fluorescence was estimated with a Perkin-Elmer MPF 3 L spectrofluorimeter (excitation 390 nm, emission 475 nm, 10 nm slits). This prelabeling does not affect the mol wt of treated proteins appreciably (16) , nor does it affect the elution profile of serum albumin under our conditions (not shown).
Preparation of Supernatant Factor. A crude preparation of supernatant factor was prepared from the microsomal (58,000g, 60 min) supernatant by adjusting the solution to pH 4.5 with HCI and bringing the resulting suspension to a boil. The heavy precipitate was filtered off with Whatman No. 4 filter paper, and the resulting brown solution was brought to pH 5.5 with NaOH and chilled. Before use it was filtered again through a Reeve Angel glass fiber filter.
RESULTS
Comparison of Methods of Solubilization. We have previously reported that solubilized binding activity prepared with Triton X-100 had an approximate mol wt of 90,000 daltons when chromatographed on a column of Bio-Gel A-1.5m equilibrated with 10 mm Na citrate-citric acid, 5 mm MgCl2, 0.25 M sucrose, 0.05% Triton X-100 (w/v), (pH 5.5) (5). Venis, however, reported a mol wt of about 50,000 for his predominant species on Sephadex G-100 (21) . We have attributed this discrepancy (5) to the protection against proteolysis afforded by our inclusion of the phenylmethylsulfonyl fluoride in the homogenization buffer. This compound is a potent inhibitor of proteases found in homogenates of grass seedlings (9) .
To compare the two preparations we have solubilized auxinbinding material by both methods in parallel, starting from the same PMSF-treated homogenate. The results (Fig. 1) show only a single chromatographic peak from either solubilized extract. Both activities chromatograph with the same relative volume of buffer. Furthermore, calibration of the columns with proteins of known mol wt indicates that the mol wt of the binding substance is in either case 80,000 daltons (Fig. 2) . These chromatograms were run under conditions of moderate ionic strength and neutral pH. However, lowering the ionic strength (pH 7.6) results in aggregation of the binding molecule to an apparent mol wt of about 200,000 (Fig. 3) . Similar results were obtained with the detergent-solubilized preparation (not shown). The chromatographic similarity of the two preparations under our conditions implies that they contain the same active molecule. Since the acetone-buffer extract can be assayed with far less difficulty, it was chosen for further study.
pH Optimum. Auxin binding was measured in the buffer-extracted acetone precipitate prepared as described under "Materials and Methods." The optimum activity (Fig. 4) Chromatography on Bio-Gel A-1.5m of solubilized auxin-binding activity. Auxin-binding activity was solubilized from corn microsomes either by extraction with Triton X-100 (0.5%, w/v, or 0.5 mg/g fresh wt) (A) or by acetone precipitation of the membranes followed by buffer extraction of the dried precipitate (B) as described under "Materials and Methods." Extracts were prepared by homogenization with buffer saturated with PMSF. Chromatography was in 0.100 M NaCI, 0.010 M Tris HCI (pH 7.6). Fraction number material for NAA, a correction (4) was used to calculate the apparent binding constants (Table II results of Dohrmann and Ray (7, 18) indicated that binding is not only sensitive to destruction by protease, but also by phospholipase action. Moreover, these enzymes might be contaminated by nuclease activity. Therefore, a more complete study of the inactivation of binding by enzymes and inhibitors was undertaken. The results (Table III) demonstrate that the soluble binding activity is inactivated to a significant degree only by heating, protease, and by the sulfhydryl-specific organomercurial, pCMB. The table shows that trypsin produced a 71% reduction in binding after 1 hr at 25 C, but more lengthy incubations (not shown) resulted in complete inactivation. These data indicate that the binding is due to a sulfhydryl-dependent protein. Contrary to the results of Dohrmann and Ray (7, 18) , there is no significant reduction in activity when phospholipase C is applied to the preparation. However, since Dohrmann and Ray did not include PMSF in their buffer during the initial extraction of the plant material, it is Since Dohrmann and Ray (7) have reported that the binding activity is inhibited by DTE and restored by oxidation, it is surprising that we do not find any inhibition by DTE (Table III) . (19) .
No competition 18 .5 mg-ml-1; trypsin, 1.0 mg-ml-1; phospholipase C (reaction mix included 1 mM CaC12), 1.5 mg-ml 1; DNase, 0.5 mg ml-1; RNase, 0.1 mg-ml 1. Values of percentage of inhibition are calculated relative to the control at 0 C, which bound 5350 dpm/0.25 ml sample (or 67 pmoles-mg protein-1). (1, 2, 5-8, 18, 19, 21) and from other plants (10, 11, 15) have been reported (19) . Moreover, a soluble heat-stable factor appears to regulate the specific affinity of the binding sites for auxins both in the intact microsomes, and in the solubilized protein. The nature of this soluble factor will be the subject of another aper. The data of Dohrmann and Ray (7) indicated that the detergentsolubilized binding activity was only partly sensitive to pronase, but was completely inactivated by pronase preceded by incubation with phospholipase C. However, the activity of the acetone-extracted preparation is fully sensitve to trypsin without preincubation with phospholipase C. The preparation is less sensitive to pronase than to trypsin. Taken together these results indicate that removal of the phospholipid from the protein probably exposes new sites for proteolytic cleavage.
Our results shown in Tables III and IV demonstrate that the binding protein contains a free sulfhydryl group which is required for binding. This result substantiates the results of Venis (21), but is surprising in view of the contrary finding of Ray et al. (7, 18) that NAA binding is inhibited by DTE, and that this inhibition is reversed by the addition of oxidation agents. However, in a crude microsomal preparation such as that of Ray et al., there may be secondary effects of the application of exogenous agents (i.e. reducing agents), such as the activation of proteolytic enzymes or allosteric effects. Moreover, it has been shown that small amounts of DTE or of the related compound DTT catalyze the formation of H202 under suitable conditions (13, 20) . It has been shown that H202 is a potent inhibitor of auxin action and that its effect can persist many hr in vivo (14) . Therefore, it is premature to think that this difference between our results has basic significance.
We have demonstrated previously that the auxin-binding protein of corn coleoptiles and primary leaves is not an ATPase (5). We do not yet know how the binding of auxin to the receptor causes the cell elongation of the shoot. Our preliminary studies indicate that the binding protein is present not only in the ER, as reported by Ray (17) , but also to a lesser extent in certain membranes of greater density such as the plasmalemma. Further work will be needed to confirm this result and to determine the interaction of this receptor protein with other enzyme systems involved in the auxin response.
